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Article Comprising Universal Solders and Method for Fabricating Such Article 

Inventor Sungho Jin, Professor of Materials Science, University of California at San Diego, La 
Jolla.CA 92093^1 1,(7)858-534-4903. (F) 858-534-5698, (e) iin@ucsd,eclu 



FIELD OF THE INVENTION 



The present invention relates to reactive solders and brazes and, in particular, to solder and 
braze materials containing rare earth elements. The inventive solder and braze materials are 
particulariy useful for direct bonding onto non-metallic surfaces such as oxides; nitrides or 
diamond. 



BACKGROUND OF THE INVENTION 

Solders and brazes are often used for such bonding, and they include metallic compositions 
consisting of an elemental-metal or an alloy-metal matrix. The metallic matrices of solders have 
conveniently low melting temperatures, I.e., lower than about 450**C. The metallic matrices of 
brazes have higher melting temperatures than those of solders, and thus, fonm more thenmally 
resistant bonds. r 

For construction of modem optical, MEMS and electronic devices, reliable bonding of dissimilar 
materials involving such oxides, nitrides, carisides. semiconductors, Al orTi metallization surfaces, 
metallic components, and diamonds is often one of the essential fabrication steps. It is well known 
that low-melting-temperature solders such as Pb-Sn, Sn-Ag, Bi-Sn, and Au-Sn do not wet and 
bond to these surfaces 

Solders such as Pb-Sn, Sn-Ag, Bi-Sn, and Au-Sn are widely used for bonding of components 
and circuits in electronic and optoelectronic devices. Numerous other solder compositions, as well 
'as a variety of processing and assembly procedures, are also known. See a book by H. H. Manko. 
Solders and Soldering, McGraw-Hill Inc. (1 992). 

Widely-used optical components, MEMS devices, and electronic components are made up of a 
variety of inorganic materials such as oxides, nitrides, carbides, fluorides. semkx>nductors, metals, 
and diamonds. For construction and packaging of modem optical, MEMS and electronic devices, 
reliable bonding of dissimilar materials is often one of the essential fabrication steps. Lasers and 
other optoelectronic components as well as optical fibers for telecommunication networks need to ' 
be bonded on an assembly substrate with sub-^micron accuracy and stability in alignment with 
respect to each other in order to ensure and maximize optical signal transmission. MEMS chips, 
especially those based on silicon-on-insulator (SOI) fabrication approaches, need to be bonded 
with a certain spatial configuration relative to the separate actuator electrode layers, often desirably 
in hemnetic seal environment, such as disclosed by U.S. Patent No. 6.442.307, August 27, 2002, 
"Solder-packaged optical MEMs device and method for making the same" by D. W. Canr. et al. 
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Completed optical or RF switch MEMS devices, optical packages, and electronic packages often 
require henmetic sealing to shield them from environmental effects of humidity, air damping and 
other factors. Electronic devices generally contain base semiconductor materials (such as Si, 
GaAs, GaN, SiC, doped-dlamond), diffusion bamers (such as TiN, TaN), dielectrics (such as SiOz, 
TasOs. Si3N4). electrical conductors (such as Al, W, Cu. CoSja) as well as heat sink materials (such 
as Al, AIN, diamond). A variety of electrical paths, lead wire contact bonds, and mechanical 
bondings are made at different packaging levels. Semiconductors and associated circuits need to 
be connected to other components. See a book by R. R. Tummala, E. J. Rymaszewski, and A. G. 
Wopfensteln. Microelectronics Packaging Handboolc, 2"^ Edition. Chapman & Hall, 1997. 

Low-melting-temperature solders do not wet and bond to the surfaces of oxides, nitrides, 
' carbides, fluorides, semiconductors, and diamonds. While solder bonding to these materials can 
in principle be accomplished by adding extra multilayer metallizations (often requiring an adhesion 
Jayer + diffusion banrier lay^r + solderable surface layer, for example, Ti/Pt/Au sputter deposited 
coatings), the introduction of these multilayers often causes production complications/delays, 
additional costs, diminished flexibility in manufacturing process options, and possible reliability 
complications. In MEMS devices, for example, thin film coatings usually cause stresses and 
undesirable warping/curving of thin Si membranes. Optical telecom fibers (Si02) have to be placed 
in a plating bath for electrochemical coating (e.g., with Ni) or cut short to be placed inside a 
sputtering vacuum chamber to provide solderable metallizations. Ni coating often used on fit)ers 
provides only weak, hoop-stress type adherence, with some reliability concerns. For convenience 
and simplicity of device assembly in manufacturing as well as for reliability and broadened design 
capabilities, it is desirable to find a way of achieving a direct and strong bonding onto these 
electronic, optical, MEMS and other Inorganic materials. The suriaces of nitrides, carbides, 
oxides, sulfides, fluorides, selenides, diamonds, silicon, GaAs and GaN are known to be very 
difTicult to directly bond with low temperature solders. 

The incorporation of rare earth elements Into solders allows a direct and powerful bonding. 

- without flux or metallization layers, on these non-solderable surfaces, as disclosed in US Patents ^ 
No. 6,306,516 by S. Jin et al., "Article comprising oxide-bondable solder issued on October 23, 
2001, No. 6,319,617 by S. Jin ©t al., "0)dde-bondable solder " Issued on November 20. 2001. 

' and US Patent Application No. 20020106528 by S. Jin et al., "Oxidation-resistant reactive solders 
and brazes" filed on August 8, 2002. These solders are truly "universal" in that they bond to 

. essentially ail inorganic surfaces. However, these solders are prone to oxidation, and therefore an 
improved solder structures and application techniques are needed for more practical use of these 
special solders. In this invention, such desirably improved universal solder materials and bonding 
.techniques are disclosed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The nature, advantages and various additional features of the invention will appear more fully upon 
consideration of the illustrative embodiments now to be described in detail with the accompanying 
drawings. In the drawings: 

Fig. 1 schematically illustrates Various universal solder configurations. 

Fig. 2 is a schematic Illustration of vertical interconnection using universal solder bonding. 

Fig. 3 schematically illustirates a technique for rapid application of universal solder by (a)hot wire 

brush, (b)doctor blade according to the invention. 

Fig. 4 schematically illustrates a controlled collapse joining with universal solder. 

Fig. 5 schematically shows localized heaters for controlled collapse Joining wiUi universal solder. 



Rg. 6 schematically illustrates an assembly of SOI layers with universal solder joints for optical 
MEMS. 

Fig. 7 illustrates a hermetic sealing for optical MEMS. 

Fig. 8 schematically illustrates optical fiber bonding for (a) fiber positioning in alignment with laser 
t>eam, (b) temperature-compensators, (c) wavelength-tunable fiber grating filter device. 

It is to be understood that the drawings are for purposes of illustrating the concepts of the invention 
and are not to sc^le, 

DETAILED DESCRIPTION 
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It is well known that low-melting-temperature solders, such as Pb-Sn. Sn-Ag, Au-Sn eutectic. do 
not wet and bond to the surfaces of oxides, nitrides, carbides, fluorides, diamonds, and 
semiconductors. This is due to the stability of these substrate materials involved, gnd hence the 
lack of chamical reactions bebAreeh the stable surface and the molten solder material. In order to 
enable solder wetting and bonding on such non-wettable surfaces, we selected some of the most 
reactive elements in the periodic table, i.e., the rare earth elements. The solders, when doped 
with just a few percent of the rare earth (RE) elements such as Lu, Er, Ce, exhibits strong bonding 
to essentially all inorganic surfoces, and hence is named "Universal Solders". 

The relative stability of the substi^te material to be bonded vs tiiat of the rare earth is the key to 
the successful chemical bonding to occur. For example, consider the case of universal solder 
bonding to Uie widely used optical communications fiber glass, Si02. The rare earth containing 
compounds such as RE-carbide, -nitride, -oxide, -fluoride, -sulfide, etc. are ttiermodynamically 
favorable [9,10] as the heat of formation ( -AHf) of rare earth compounds tends to be greater (more 
negative) tiian those for most of the non-RE metal carbides, nitrides, oxides, fluorides and sulfides. 
For example, LU2O3 and £1203 have very large negative values of heat of fomDatipn AHf (LU2O3) 

. of -282 Kcal/mole and AHf (Er203) of -290 Kcal/mole. respectively, at ~2980K , as compared 
to AHf (Si02) of -195 Kcal/mole. Therefore the reaction of the rare earth-containing solder with 

_ tiie Si02 surface Is expected to proceed as a reaction; Lu (in molten solder) + Si02 (Opt. Fiber) 
=^ LU2O3 + SI. The chemical reaction so induced accounts for tiie observed strong bonding 
between the rare-earth-doped solder and the surfaces of oxides, nitrides, carbides, etc. 

While the presence of very reactive rare earth element allows such direct t>onding. the universal 
solders are susceptible to oxidation during solder bonding process because of the very same 
rea$on, Le., having rare earth elements. Rapid oxidation of rare eartii on the surface of molten 
universal solders is a non-trivial problem, which tends to deteriorate the solder wetting 
characteristics if not carefully processed. The reactive elements used in universal solders easily 
oxidize and tend to cause oxide skins with high melting points (e.g., -2300°C) to fomn on the 
solders and brazes when heated or melted. The o)dde skins prevent universal solders from wetting 
surfaces to be bonded. Another effect of the oxide skins interfering witii tiie bonding is the 
impeding of the diffusion of rare eartti atoms from the interiors of solder to the interface to be 
bonded. Thus, the prevention of the formation of oxide skins is crucial for broad and successful 
applications of the universal solders. 



In order to prevent/minimize such oxide skins, the following some novel approaches may be 
utilized to modify the composition and stnicture qf the universal solders — surface novel metal film 
deposition. Jacketing wiUi regular solder to bury RE underneath the solder surface, dip-coating with 
regular solder to bury RE underneath, or burying RE underneath by ion implantation. Such 
modifications are described in the aforementioned US Patent Application No. 20020106528 by S. 
Jin et al. 

To briefly describe, a thin novel metal coating of Ag or Au can be applied onto the surface of 
solder perform or solder powders in order to minimize the oxidation of universal solder surfiace. 
Frequentiy used solders such as Au-Sn or Sn-Ag eutectic already contain Au or Ag, so the addition 
of surface novel metal film basically does not affect the solder chemistry except for slight 
enrichment which can of course be compensated if needed by adjusting base solder composition 
toward slight deficiency in the novel metal content. Au or Ag coating can protect/minimize the 
xiniversal solders from oxidation during heating and soldering operations, and then easily dissolves 
into the solder so that die solder-substrate bonding takes place. 

The desired coating thickness would depend on the time and temperature involved In the 
soldering operations, basically requiring a sufTicient thickness to minimize and block the diffusion of 
rare earth atoms to the very surface to form an oxide layer. For certain applications, tiie solder 
bonding using universal solders can beneficially be carried out In yacuum or Inert atmosphere,- if 
Industrially acceptable, to cut off the source of oxygen and preverit/minimize oxidation. Such novel 
metal coating can be accomplished by physical vapor deposition such as sputtering or evaporation, 
or by electrolytic plating or electroless deposition of Au or Ag on universal solder surface. A 
modified solder structures with giradlent or buried rare earth distribution can also be utilized, e.g.. 
by sandwiching Qacketing) the universal solder sheet with regular RE-free solder sheets or 
wrapping with annealed Au or Ag foil, and then cold welding them together, e.g., by using plastic 
deformation via rold rolling or pressing. 

Oxidation-resistant universal solders with buried rare earth underneath the solder surface can 
also be produced by by dip-coating the universal solder sheet with molten regular solder. Yet 
another way structuring the universal solder with buried rare earth is by inserting the RE element 
* undemeath the solder surface through ion implantation. 

Instead of structural modifications, novel processing approaches alone or in combination with 
' tiie structural modifications can be utilized to minimize surface oxidation of rare earth element on 
the molten universal solder surface and produce strong solder bonding, according to the present 
.invention. 

According to the invention, four variations of new approaches of soldering techniques are 
discribed in order to Impart reliable bonding with universal solders. The types of universal solders 
Oiat can be bonded well using the inventive techniques include Sn-Ag-RE. Au-Sn-RE, Sn-Sb-RE, 
Bi-Sn-RE, In-Sn-RE, In-Ag-RE, Sn-Ag-RE. and any ottier solder or braze alloys doped witti 0.1 - 
10% by weight, preferably 0.2 5 wt % of any one or more rare earth elements including 
mischmetal (a combination of La, Ce. Pr, etc.). 

The Inventive bonding techniques can be applicable to both the simple alloyed universal solders 
of various compositions described above, as well as the specially designed (rare earth buried) 
universal solders with buried rare earth structure. Various configuration of the universal solder that 
can be utilized are schematically illustrated in Fig. 1. The solder preform can be either a straight- 
forward alloy universal solder (Fig. 1(a)), a universal SQider with a protective, oxidation-resistant 
novel metal film (Rg. 1(b)). a jacketed universal solder (Fig. 1(c)) or RE-buried solder (not shown). 
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or universal solder paste consisting of solder particles protected with novel nnetal coating (Fig. 
1(d)). 
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tipper Device 
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Contact Pad 



Universal 
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Fig. 1, Various univ. solder configurations. 



Fig. 2. Vertical interconnection using 
universal solder bonding. 



The four inventive bonding processes using the universal solders/'liccording to the invention* 
are as follows. 

a) . Vacuum bonding. 

b) . Rapid application of molten universal solder. 

c) . Controlled collapse joining with universal solder. 

d) . Rapid and localized heating by deposition of resistive heating element 

1 , Vacuum Bonding 

While solder bonding in vacuum is not a common practice, it can be a viable batch-type 
packaging'^ process, e.g., for hermetic sealing of some I^EMS. optical or electronic devices. The 
desired vacuum condition to enable the Invention is a high vacuum of at least 10"® torr, and 
preferably at least 10'^ tonr, even more preferentially at least 5x10"® torr. MEMS devices are 
micromachines by definition, and henco are relatively small in dimensions. For example, many 
MEMS devices to be bonded with a universal solder may be arranged, using automated assembly 
processing, on each of a multitude of shelves and placed in a vacuum chamber equipped with a 
capability to render either global or local heating. Each packaging assembly would have a lower 
device or substrate, preforms of a universal sokler placed on contact pads or hermetic seal pads, 
and the upper device placed over the universal solder preforms with appropriate alignment and 
convenient fixturing array to maintain the alignment. The perform can be either bulk solder or thin 
film deposited solder. Such a process is illustrated in Fig. 2 for an exemplary vertical electrical - 
Interconnection. 



-5- 



(a) 



Molten 

Universal 

Solder 



Hot Metal 
Wire Brush 

JTranslatlonal 
Movement 



\ Substrate 



(b) 



5 I 



Doctor 
Blade 

Molten 

Universal 
Solder 



Substrate 



f 



5 



fig. 3. Rapid application of universal solder by (a)hot wire brush, (b)doctor blade. 
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•Fig. 4. Controlled collapse joining 
with universal solder. 



(b) After Hermetic Sealing 
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Fig. 5. Localized heater for controlled 

collapse joining with universal solder. 



2. Rapid Application of Molten Universal Solder 

For the inventive universal solder bonding process to produce successful solder bonding in 
oxygen-containing atmosphere such as the air, there is a time window of less than a few 
seconds to accomplish the wetting and joining before the oxidation of the universal solder takes 
place and an undesirable rare-earth-rich, gray colored oxide skin Is fonmed to impede further 
wetting. One way of carrying out desirably rapid solder bonding is by Introducing controlled and 
rapid application of molten solder, preferably by using automated processes. Canylng out such 
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an inventive process is preferably done in an Inert gas atmosphere, although this is not an 
absolute requirment. As a demonstration of the principle (as illustrated in Fig. 3(a)), a hot metal 
brush can be utilized to pick up a 

volume of molten universal solder from a molten bath, quickly coat the substrate such as hermetic 
seal pads (pre-heated if necessary), and the upper device placed and pressed on top of the 
molten solder to form a joint A natural air cooling or air blast may be used to initiate the 
solidification of the solder joint An alternative scheme, Fig. 3(b), is to use a metallic doctor blade 
trailing a wire brush to produce a uniform solder layer thickness. 

3. Controlled Collapse Joining with Universal Solder 

If the undesirable oxide skin fonmed on the surface of molten universal solder can be broken off 
and fresh universal solder is released and immediately contacts the substrate surface, desired 
universal solder bonding can be achieved in air. This inventive process can be achieved by 
intentionally introducing mechanical disturbance as illustrated schematically in Fig. 4. Tall 
universal solder performs placed in the joint area are melted first, and then the upper device is 
pressed downward rapidly to collapse the molten universal solder so as to break the oxide skin and 
allow fresh solder to touch the device surface to be bonded. Small spacer bumps may be 
introduced if necessary to pre-set the solder joint thickness. 

4. Rapid and Localized Heating by Deppsition of Resistive Heating Element 

it is always desirable to minimize the oxidation of molten solder surface. One way is to use 
vacuum or inert atmosphere as discussed eariier. Another way is to melt the solder rapidly and cut 
down the time of oxidation. Rapid heating can be obtained, for example, by incorporating resistive 
heating elements (e.g., thin film deposited Mo or W line on a portion of hennnetic seal pad) and 
passing electrical current as illustrated in Fig. 5. The heating element remains as a buried part of 
the solder joint material as the universal solder will also bond well to these elements. 

The universal solder materials and bonding techniques described here can be useful for a . 
variety of applications for various MEMS, optical and electronic devices packaging, especially for 

• creating reliable hermetic sealing and flip-chip assembly witiiout introducing complicated 
metallizations of various surfaces to be bonded. Examples of such devices assembled using the 
inventive universal solder materials and processes include bonding/assembly of bulk-fabricated 

* MEMS multilayer structures such as an SOl(snicorvon-insulator)-fabricated, light-reflecting mirror 
layer, an electrode layer, and a spacer layer as illustrated in Fig. 6. See an article by R. Ryf, et 
al, "1296-Port MEMS Transparent Optical CrossConnect witii 2.07 Petabits/s Switch Capacity". 
OFC'2001 (Optical Fiber Conference), Paper No. PD-28, March 17-22, 2001, Anaheim CA. USA. 

Another example of the inventive assembled device, schematically illustrated in Fig. 7, is the 
hermetic sealing of optical MEMS assembly using universal solders. As the heat transfer In 
vacuum is known to be poor, the use of deposited thin film resistive heating element (as will be 
discussed below) can be combined with the vacuum bonding process to provide rapid heating of 
tiie universal solder. Yet another example is the bonding of optical fiber devices. The universal 
solders are directiy solderable to optical fibers, and hence are technically useful for a variety of 
applications in optical communication devices such as illustrated in Fig. 8. Creep resistant solders, 
such as based on Sn-Ag-RE or Au-Sn-RE 
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Fig. 6. Assembly of SOI layers with universal solder joints for optical MEMS. 
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Fig. 7. Hermetic sealing for optical MEMS. 



. eutectic solders,are essential for securing and maintaining an optical alignment between the laser 
and the single mode optical fiber, where a tight, micrometer-level tolerance. in dimensional stability 
is required. Fiber Bragg fiber gratings are Si02 based optical fiber devices with internal periodic 
refractive index purturbations along the fiber length corresponding to specific Bragg refleqtions for 
a certain wavelength of optical signals. They are frequently used for filtering specific, designated 
wavelength channels in wavelength-division-multiplexed optical communication systems. They 
need to be temperature-compensated to eliminate the fluctuation of refractive index of the grating 
with ambient temperature. One way of accomplishing this Is to attach a negative CTE (coeffeqient 
of themial expansion) material. See articles by H. Mavoori and S. Jin, '"'Low Themnal Expansion 
Copper Composites via Negative CTE Metallic Elements". JOM 50(6), 70 (June, 1998) and by A, 
W. Sleight, A.W. Nature 389 (6654). 923 (1997). Figure 8(b) illustrates such gn 

inventive device assembled by universal solder bonding of negative thermal expansion materials 
such as Ni-Ti or 2:r-Tungstate on the elastically pre-strained fiber grating such that when the 
ambient temperature rises, the strain in the grating Is reduced by the attached negative CTE 
material. The rare-earth containing solders can qlso be useful for convenient assembly of 
wavelength-tunable fiber gratings such as Illustrated in Fig. 8(c). Such tunable optical fiber grating 
filter devices are described in an article by S. Jin, at ah, "Broad-range, latchable reconfiguration of 



Bragg wavelength in optical gratings". APPj- PhiJ- Lett 74 (16) Z^^^^^^^^ ST-lS^on 

MEMS devices may involve simultaneous b°nding to .^nous su^^ desirable 
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' Fig 8 Optical fiber bonding for (a) fiber positioning in alignn^ent v^ith laser beam, (b) temperature- 
compensators, (c) wavelength-tunable fiber grating filter device. 
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